Water sensation is a specific taste modality in the fruit fly. Water-induced hypoosmolarity activates specific gustatory receptor neurons; however, the molecular identity of the putative osmolarity sensor in these neurons remains unknown. We found that amiloride and its analogs specificallyantagonizedtheresponseofwatergustatoryreceptorneuronsandthebehavioroffliestowardwaterstimulation.Deletionofthegene that encodes the amiloride-sensitive PPK28 channel, a DEG/eNaC (degenerin/epithelial sodium channel) family member, abolished the waterinduced activity of water gustatory receptor neurons and greatly diminished the behavioral response of flies to water. Ectopic expression of the PPK28 channel in the bitter cells within the intermediate-type sensilla renders these sensilla responsive to water stimuli. Thus, the amiloridesensitive PPK28 channel may serve as the osmolarity sensor for gustatory water reception in the fruit fly.
Introduction
Water is so critical for life that diverse mechanisms have evolved in different species for the regulation of water intake. In Drosophila melanogaster, two unique systems are used to sense environmental water availability-the antennal hygrosensation for the detection of variation in air humidity, and the gustatory reception for the detection of water in liquids (Inoshita and Tanimura, 2006; Liu et al., 2007) . Drosophila gustatory reception is mediated by taste sensilla, which are located at the labellum, legs, and wing margins (Stocker, 1994) . Each taste sensillum encompasses one mechanosensory neuron and 2-4 gustatory receptor neurons (GRNs) (Stocker, 1994) . Electrophysiological recordings of taste sensilla revealed the presence of four kinds of GRNs that exhibit tuned responses to four taste modalities (sugar, water, salt, and bitter): S and W cells respond to sugar and water, respectively, whereas L1 and L2 cells respond to low and high concentrations of salts, respectively, with L2 cells also being responsive to bitter compounds (Ishimoto and Tanimura, 2004) . Molecular understanding of sugar and bitter reception was greatly promoted by the identification of the gustatory receptor (Gr) gene family (Clyne et al., 2000; Dunipace et al., 2001; Scott et al., 2001) . Gr genes are expressed in two distinct groups of GRNs-the Gr5a and Gr64 gene cluster is expressed in S cells to mediate sugar reception (Dahanukar et al., 2001 (Dahanukar et al., , 2007 Jiao et al., 2007 Jiao et al., , 2008 Slone et al., 2007) , whereas other Gr genes are mostly expressed in L2 cells (Thorne et al., 2004; Wang et al., 2004) , which mediate bitter reception (Moon et al., 2006 Lee et al., 2009) . Salt reception may require ppk11 and ppk19 (Liu et al., 2003) . In contrast, the molecular basis of gustatory water reception remains unknown. Gustatory water reception may be a special kind of osmosensation, and an "osmometer" hypothesis has been proposed, suggesting that the water cells could be activated by hypotonic force (Evans and Mellon, 1962) .
Several types of ion channels have been implied in osmosensation, including members of the transient receptor potential (TRP) superfamily [e.g., TRPV members osm-9 (Colbert et al., 1997) and VR-OAC (Liedtke et al., 2000) and TRPM member TRPM3 (Fleig and Penner, 2004) ], as well as chloride channels (Strange et al., 1996) and potassium channels (Vanoye and Reuss, 1999) . It is possible that other channels are also involved in osmosensation. In this study, we screened the effect of various ion channel antagonists on water responses of GRNs in Drosophila. We discovered that water-evoked responses can be specifically blocked by amiloride and its analogs. Amiloride-sensitive DEG/eNaC (degenerin/epithelial sodium channel) channels (Kellenberger and Schild, 2002) , which are known as pickpocket (PPK) channels in Drosophila (Adams et al., 1998; Liu et al., 2003) , were tested as candidates for the Drosophila gustatory water receptor. PPK28 was identified as being essential for water taste, which suggests that PPK28 may be a potential gustatory water receptor in Drosophila.
Materials and Methods
Fly stocks. Flies were cultured on standard cornmeal-agar-molasses medium at 25°C with a relative humidity of 70%. W 1118 flies were used as the wild-type control. The Poxn M22 ;redistal2 mutant was provided by Markus Noll (University of Zurich, Zurich, Switzerland) (Boll and Noll, 2002) . Trpl 302 (Niemeyer et al., 1996) , Nan 36a (Kim et al., 2003) , and Pyx 3 (Lee et al., 2005) Generation of ppk deletions and transgenic flies. Flippase recombinase/ flippase recombinase target recombination (Exelixis) was used to generate deletions of ppk28 and ppk23. The ppk28 deletion was generated from PBac insertion lines f05788 and e02329, and the ppk23 deletion was generated from lines f02390 and e03639. To generate the construct for ppk28 genomic rescue, a 4 kb genomic DNA fragment of ppk28 was PCR amplified from W 1118 and was then cloned into the pattB vector. The transgenic line for ppk28 genomic rescue was generated using phiC31-integrase-mediated recombination at ZH-51C (Bischof et al., 2007) . The coding sequence for ppk28 was inserted into the pUAST vector. UASppk28 flies were generated through P-element-mediated transformation.
Chemicals and antagonists. The following chemicals and antagonists were from Sigma-Aldrich: dimethylsulfoxide (DMSO), KCl, tricholine citrate (TCC), NaCl, sucrose, and berberine chloride; nimodipine, SKF-96365, niflumic acid, and 5-nitro-2-(3-phenylpropyl-amino)benzoic acid (NPPB); amiloride hydrochloride hydrate (amiloride), 5-(N-ethyl-N-isopropyl)amiloride (EIPA), 5-(N,N-dimethyl)amiloride hydrochloride (DMA), 5-( N, N-hexamethylene)amiloride (HMA), 5-(N-methyl-Nisobutyl)amiloride (MIA), 3,4-dichlorobenzamil hydrochloride (DCB), and 6-chloro-3,5-diamino-2-pyrazinecarboxamide (CDPC). Tetrodotoxin with citrate was from KangTe in China; 2-aminoethoxydiphenylborane (2-APB) was from Tocris Bioscience; -agatoxin TK, -conotoxin GVIA, and PLTX-II were from the Alomone Labs. Nimodipine, niflumic acid, NPPB, EIPA, DMA, HMA, MIA, DCB, and CDPC were dissolved in DMSO to prepare stock solutions.
Electrophysiology. Tip-recording was performed according to previous reports (Dahanukar et al., 2001; Hiroi et al., 2002) . The recording electrode (tip diameter, 15-25 m) was filled with the following solutions to elicit firing of specialized GRNs: 1 mM KCl for W cells; 10 mM sucrose plus 30 mM TCC for S cells; 50 mM NaCl for L1 cells; and 1 mM berberine plus 30 mM TCC for L2 cells. The recording electrode was filled with the indicated concentrations of antagonists plus 1 mM KCl to analyze their antagonizing effect on water reception. Amiloride and EIPA were added to the respective tastant solutions to analyze their effect on S, L1, and L2 cells. Labial long-type (L5 or L7) sensilla were stimulated to analyze the firing patterns of W, S, and L1 cells (Hiroi et al., 2002) . Labial short-type (S6) sensilla were stimulated to analyze L2 cell firing (Hiroi et al., 2002) , as there was no robust response to berberine in long-type sensilla. To avoid adaptation, sensilla were stimulated for Ͻ10 s each time and allowed to recover for Ͼ2 min before applying another stimulus. Signals were acquired using an Axon-700B multiclamp amplifier and digitized with a 1322A D-A converter (sampling rate, 10 kHz, filtered at 2 kHz). Data were analyzed using the Clampfit 9 software (Molecular Devices). Spikes between 0.5 and 2 s after initiation of stimuli were counted for the estimation of the firing frequency evoked by the tastant. The effect of the antagonists was determined by the normalized response, which was defined as 2 ϫ N antagonist /(N before ϩ N after ), where N before , N antagonist , and N after represented the number of spikes elicited by the tastant before, during, and after the application of the antagonist, respectively. For certain drugs dissolved by DMSO (DMSO final concentration is 0.2%), the effect of such drugs on water response was normalized to 1 mM KCl plus 0.2% DMSO.
Proboscis extension reflex assay. Proboscis extension reflex (PER) was performed as described previously (Wang et al., 2004; Dahanukar et al., 2007) , with slight modifications. To measure water response, fixed flies were first incubated for 2 h in a desiccating container with P 2 O 5 and then transferred to the assay condition (23-25°C; relative humidity, 60 -80%). Each fly was tested with pure water stimuli three times. For sugar and bitter responses, fixed flies were first incubated for 2 h in a wet chamber and further saturated with three rounds of water application. Flies were then tested with sucrose or berberine (with 100 mM sucrose) three times with spaced water applications.
The scores of the responses were defined as follows: 1, strong proboscis extension; 0.5, partial or delayed proboscis extension; and 0, no proboscis extension. The percentage of PER was calculated as the sum of scores divided by the number of total tests (ϫ100%). For each genotype, 3-4 batches of 20 -35 flies were tested on different days as independent duplicates.
Results

Pharmacological studies of gustatory water reception by ion channel antagonists
As a first step, we rechecked the existence of water taste using the PER test and the tip-recording method. Water was sufficient to induce a robust PER in thirsty flies, which was largely blocked in Figure1. AmilorideantagonizedgustatorywaterreceptioninDrosophila.A,Effectsofionchannel antagonistsonwater-elicitedspikingintastesensilla.Datarepresentgustatorywaterresponsesinthe presence of various antagonists, which were normalized to that elicited by the control stimulus (see Materials and Methods). Error bars, SEM (n ϭ 5-19 sensilla for each treatment). Control was KCl (1 mM) alone (used as the water stimulus). KCl (1 mM) was included as an electrolyte for all antagonists tested: tetrodotoxin (TTX; 1 M); 2-APB (100 M); SKF96365 (SKF; 10 M); NPPB, (100 ⌴); niflumic acid (NFA; 400 M); PLTX-II (PLTX; 1 M); -conotoxin GVIA (Con; 10 M); -agatoxin TK (Aga; 1 M); nimodipine (Nim; 10 M); and amiloride (Ami; 10 or 100 M). All drugs were tested in longtype (L5 or L7) sensilla of W 1118 flies (statistics are shown in supplemental Table 1 , available at www. jneurosci.orgassupplementalmaterial).B,Sampletracesshowingreversibleblockadeofamilorideto water-elicited spiking. Spiking of the same short-type (S6) sensillum in three sequential recordings (spaced by 2 min) to water stimuli, with amiloride added in the second recording, is shown. C, The PERselicitedbygustatorywaterstimuliwereinhibitedbyamiloride.Datapointsrepresentpercentage of PER responses in the absence or presence of amiloride (100 M or 1 mM; *p Ͻ 0.05, **p Ͻ 0.01, paired t test).
taste-deprived flies of the poxn M22 mutant (supplemental Fig. 1 Fig. 2 , available at www.jneurosci. org as supplemental material). The structure of the taste sensillum allows local exposure of tastants exclusively to its tip (Mitchell et al., 1999) , which consists of the distal dendritic endings of W cell, where the putative ion channels that are responsible for gustatory water reception may be located. To screen for these ion channels at sensillar tips, we examined the effect of various ion channel antagonists on spiking of W cells using the tiprecording method. We found that waterelicited responses were not dramatically affected by pharmacological antagonists of most channels tested (Fig. 1 A) , which included voltage-dependent Na ϩ channels (tetrodotoxin), Ca 2ϩ channels (nimodipine, -agatoxin TK, -conotoxin GVIA, and PLTX-II), Cl Ϫ channels (niflumic acid and NPPB), and TRP channels (2-APB and SKF-96365). Interestingly, amiloride partially reduced water-elicited spiking at 10 M and largely suppressed the responses at 100 M in both long-and short-type sensilla (Fig. 1 A, B) ; this suppression was reversible (Fig. 1 B) .
We next assessed whether amiloride application was also sufficient to inhibit water-elicited behavioral responses. We found that, under our experimental conditions, normal water-induced PER was 60%; in contrast, PER was significantly reduced to 30 and 10% after addition of 100 M and 1 mM amiloride, respectively, to the water stimulant (Fig. 1C) . Thus, PER assays also confirmed the antagonistic action of amiloride on gustatory water reception.
Inhibitory efficacy and modality specificity of amiloride and its analogs
The examination of several amiloride analogs for their effect in blocking waterevoked responses revealed that that their efficacy, as defined by the half-maximal inhibitory concentration (IC 50 ), was ranked in the following order: EIPA/ DMA/MIA/HMA Ͼ DCB/amiloride Ͼ Ͼ CDPC (Fig. 2 A; supplemental Fig. 3,   Figure 2 . Relative specificity of amiloride analogs in the inhibition of gustatory water responses. A, Dose-dependent curves of the four analogs EIPA, DCB, amiloride (Ami), and CDPC (supplemental Fig. 3 , available at www.jneurosci.org as supplemental Table material for compound structure). Data are presented as the average Ϯ SEM (n ϭ 12-21 sensilla for each data point). Statistics are shown in supplemental Table 2 , available at www.jneurosci.org as supplemental material. B, Effects of amiloride and EIPA on the sensillar responses to other tastants, with the taste stimuli indicated: for water, KCl (1 mM); for sugar and bitter taste stimuli, 30 mM tricholine citrate was added as the electrolyte. Water/sugar/salt responses were tested in long-type sensilla, whereas the bitter response was tested in short-type (S6) sensilla (average Ϯ SEM; n ϭ 7-19 sensilla). Statistics are shown in supplemental ZH-51C /ϩ. Data are presented as the average Ϯ SEM (n ϭ 20 -23 sensilla for water and sucrose; n ϭ 10 -12 sensilla for berberine).
available at www.jneurosci.org as supplemental material). Regarding the most effective analog, EIPA, concentrations as low as 10 M blocked water-elicited spiking completely (Fig. 2) . The IC 50 for amiloride (ϳ20 M) was ϳ5-to 10-fold higher than that observed for EIPA ( Fig. 2A) , which suggests that modification of the 5-amino group at the pyrazine ring enhanced the antagonizing effect (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). In addition, the amidino group in amiloride was critical for the inhibition, as the amiloride analog CDPC, which lacks the amidino group, failed to affect water-elicited firing, even at a concentration of 200 M ( Fig. 2A; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These findings suggest that the amidino group is essential for the inhibitory effect on gustatory water responses and that a specific receptor for amiloride is involved in primary gustatory water reception.
We next examined the effects of amiloride on the spiking elicited by tastants of different modalities. In contrast with the marked inhibition of water-elicited spiking, tip-recordings from taste sensilla showed that amiloride at 100 M had no significant effect on the spiking elicited by sucrose at 10 mM (sugar), NaCl at 50 mM (low salt), and berberine at 1 mM (bitter) (Fig. 2 B) . The more effective water response inhibitor EIPA (at 10 M) had only a moderate effect on sucrose and berberine responses (Fig. 2 B) , whereas 10 M EIPA inhibited the low-salt response strongly. EIPA at 100 M inhibited spiking elicited by all four types of tastants (Fig. 2 B) . This lack of specificity at high concentrations suggests that EIPA may also act on other taste modalities. Together, these results indicate that low concentrations of amiloride and its analogs are relatively specific in inhibiting water-elicited spiking.
Deletion of ppk28 reduced behavioral response to water taste
The inhibitory effect of amiloride and its analogs on waterelicited responses (described above) suggests that an amiloridesensitive membrane protein is likely to be the specific receptor for gustatory water reception. We thus screened known amiloride targets in Drosophila. In particular, we focused on PPK channels, which are the Drosophila DEG/eNaC homologs, as some of these channels are specifically expressed in the labellum and tarsi (Liu et al., 2003) . Flies with mutations in ppk genes were tested using PER behavioral assays. We found that disruption of several ppk genes did not have any significant effects on the water-elicited PER response (Fig. 3A) . Interestingly, ⌬ppk28 flies exhibited markedly reduced water-elicited PER responses (from ϳ60 to ϳ30%, Fig. 3A) . Moreover, deletion of ppk28 did not affect the PER response of flies to sugar and bitter substances (Fig. 3B) , which suggests the specific involvement of ppk28 in gustatory water reception.
PPK28 was required for gustatory water reception
We analyzed ⌬ppk28 flies using the tip-recording method. There were robust spiking responses recorded from the sensilla of these ⌬ppk28 flies toward sucrose and berberine stimulation, whereas almost no response from W cells was elicited by water stimulation (Fig. 3C,D) . However, a robust water spiking response was found in these ⌬ppk28 flies after reintroduction of the ppk28 gene (Fig.  3D ) using a transgenic genomic rescue construct. In addition, the rescued water-elicited spiking responses remained sensitive to amiloride (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). In contrast, mutants of nine other ppk genes still exhibited robust spiking responses in their sensilla (supplemental Fig. 4 B, C , available at www.jneurosci.org as supplemental material). Thus, PPK28 was specifically essential for gustatory water reception.
PPK28 was sufficient to confer water-elicited activity
To test whether it is sufficient to confer water sensitivity, PPK28 was overexpressed in the bitter taste neurons under control of Gr66a-GAL4 (Thorne et al., 2004; Wang et al., 2004) . We then examined water-elicited spiking responses in the intermediatetype sensilla (I7 or I8), which themselves do not have water receptor cells (Hiroi et al., 2002) . As shown in Figure 4 A and B, the intermediate-type sensilla of UAS-ppk28 or Gr66a-GAL4 control flies showed little response to water stimuli, whereas the intermediate-type sensilla of Gr66a-GAL4ϾUAS-ppk28 flies displayed robust water-elicited spike activities. Furthermore, these water-elicited spike activities were sensitive to amiloride or high osmolarity (30 mM TCC) (Fig. 4C) . These results suggest that PPK28 could serve as an osmosensor.
Discussion
Using pharmacological screening of a wide spectrum of ion channel antagonists, we found that low concentrations of amiloride inhibited the spiking of water gustatory receptor neurons in Drosophila. Interestingly, several previous studies also demonstrated the effect of amiloride on the spiking of these receptor neurons in the flesh fly and blowfly (Liscia et al., 1997; Sadakata et al., 2002) . Ϫ5 , t test, n ϭ 9 -21 sensilla). C, Inhibition of water-elicited spiking in Gr66a-GAL4ϾUAS-ppk28 flies by 30 mM TCC or 100 M amiloride.
Using physiological recordings, behavioral assays, and mutational analyses, we identified PPK28 as the putative amiloride-sensitive receptor for gustatory water reception. Further gain-of-function studies showed that PPK28 is sufficient to confer hypoosmotic activity. These results suggest that PPK28 is a good candidate for the Drosophila gustatory water receptor.
The IC 50 of amiloride necessary to inhibit the gustatory water response (ϳ20 M) was about two orders of magnitude higher than that observed for mammalian ENaC; however, it was comparable to that used for the Drosophila RPK channel (Adams et al., 1998) . We found that the efficacy ranking of amiloride analogs in inhibiting gustatory water response was EIPA/DMA/MIA/ HMA Ͼ DCB/amiloride Ͼ Ͼ CDPC (Fig. 2) . It is traditionally considered that EIPA/DMA/MIA/HMA are more specific in inhibiting Na ϩ /Ca 2ϩ or Na ϩ /H ϩ exchangers compared with eNaC channels (Kleyman and Cragoe, 1988 Fig. 5 , available at www.jneurosci.org as supplemental material), which was in sharp contrast to that observed for the ppk28 deletion mutant. This result further supports the idea that PPK28 is the specific amiloride target involved in gustatory water reception.
While ppk28 deletion affected only water reception in both physiological and behavioral assays, we found that higher concentrations of EIPA also suppressed other taste modalities. It is possible that other ppk channels and other amiloride targets, e.g., Na ϩ /Ca 2ϩ or Na ϩ /H ϩ exchangers, are involved in modulating the reception and transduction of salt, sugar, or bitter signals in their respective receptor neurons. The identification of these EIPA targets in other GRNs may provide new insights into the understanding of other taste modalities. Although deletion of ppk28 resulted in a strong behavioral phenotype in waterinduced PER responses, ⌬ppk28 mutants displayed ϳ30% of PER response. This may be due to the following reasons. First, it is possible that the residual PER response may be contributed by taste-independent mechanisms, such as central regulatory mechanisms or other sensory signals (such as hygrosensation, vision, or mechanosensation), as the taste-deprived poxn M22 mutants still displayed ϳ10% PER response to water under our assay conditions (Fig S1, available at www.jneurosci.org as supplemental material). In addition, although the water-elicited spikes from water cells can be almost completely abolished in ⌬ppk28 mutants, sporadic spikes of small amplitude were recorded in ⌬ppk28 mutant and wild-type flies (Fig. 3C) . These small spikes were also seen in other work [Dahanukar et al. (2007) , their Fig.  7A (in the trace for KCl)]. Such small spikes could be activities from GRNs other than canonical water cells and could also contribute to the residual PER responses in ⌬ppk28 mutants.
The mechanisms via which PPK28 is involved in Drosophila gustatory water reception remain unknown. The PPK28 channel itself may be mechanosensitive and gated in the same manner as that shown for several members of the DEG/eNaC channel family, e.g., MEC-4 in Caenorhabditis elegans, under the regulation of cytoskeleton or extracellular matrix proteins (Chalfie, 2009) . Additional structure-function studies of PPK28 in Drosophila water GRNs may shed light on the molecular mechanisms that underlie osmosensation and mechanosensation in general.
